paper describes a red dopant material, the cyanocoumarin derivative 9-cyano-10-͑2-benzothiazolyl͒-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-benzo ͓l͔ pyrano͓6,7,8-i j͔quinolizin-11-one ͑RC545T͒, and its use in organic light-emitting diodes ͑OLEDs͒. Because RC545T exhibits ͑i͒ redshifted fluorescence ͑ max = 607 nm͒ and ͑ii͒ a narrower full width at half-maximum ͑fwhm; 48 nm͒ relative to the corresponding signal for 4-͑dicyanomethylene͒-2-tert-butyl-6-͑1,1,7,7-tetramethyljulolidyl-9-enyl͒-4H-pyran ͑DCJTB; max = 605 nm; fwhm = 73 nm͒, which is currently one of the most efficient red dopant materials, we could fabricate red OLEDs exhibiting improved color purity. A device incorporating RC545T as a dopant and rubrene as an assistant dopant in the configuration indium-tin oxide ͑ITO͒/N,NЈ-bis͑1-naphthyl͒-N, ,4Ј-diamine ͑65 nm͒/tris͑8-hydroxyquinoline͒aluminum ͑Alq 3 ͒:15 wt % rubrene:2 wt % RC545T ͑30 nm͒/Alq 3 ͑30 nm͒/LiF ͑0.8 nm͒/Al ͑250 nm͒ exhibited a maximum luminance of 8000 cd/m 2 at 12.5 V, with near-saturated CIE coordinates of ͑0.64, 0.35͒, significantly better red color purity than that of the device featuring DCJTB as the dopant material ͓CIE coordinates: ͑0.63, 0.37͔͒, thereby rendering RC545T a good red-emitting dopant for OLED applications. Organic light-emitting diodes ͑OLEDs͒ 1 are being widely used in flat-panel displays because of their superior brightness, contrast, viewing angle, response time, and production cost. The performance of red OLEDs, however, remains a weak point in the development of organic full-color displays because of their poor color purity and low efficiency. The search for better red emitters has established a target specification for a saturated color having CIE coordinates close to ͑0.65, 0.35͒. A doping system 1-5 is often required in red OLEDs 6-11 to obtain higher efficiencies and prevent concentration quenching. One of the earliest dopants used in OLEDs to generate an efficient red electroluminescence ͑EL͒ emission was 4-͑dicyanomethylene͒-2-methyl-6-p-͑dimethylamino͒styryl-4H-pyran ͑DCM͒, 6,7 which fluoresces at a value of max of 596 nm with a 78% photoluminescence ͑PL͒ quantum yield and a full width at halfmaximum ͑fwhm͒ of 100 nm. In the optimized device structure, the CIE coordinates are ͑0.56, 0.44͒. Subsequently, it was discovered that increasing the rigidity of the Et 2 N donor moiety via cyclization to form the julolidine ring, i.e., 4-͑dicyanomethylene͒-2-methyl-6-͑julolidyl-9-enyl͒-4H-pyran ͑DCJ͒, provided a more fluorescent dye with better color purity. This behavior arises, presumably, by virtue of the cyclic structure aligning the orbitals of the nitrogen atom to overlap with the orbitals of the phenyl ring for more effective conjugation and also from constraint of the molecular structure in space, which reduces the degree of energy loss through molecular vibration and/or rotation. The disadvantage of employing DCJ in devices is that it aggregates readily because of its planar structure. Further modification of the julolidyl ring in DCJ, by introducing strategically positioned methyl groups as steric spacers to minimize dye-dye interactions, led to the preparation of 4-͑dicyanomethylene͒-2-methyl-6-͑1,1,7,7-tetramethyljulolidyl-9-enyl͒-4H-pyran ͑DCJT͒ and 4-͑dicyanomethylene͒-2-tert-butyl-6-͑1,1,7,7-tetramethyljulolidyl-9 -enyl͒-4H-pyran ͑DCJTB͒. The high luminance efficiency, better color purity, and resistance to concentration quenching make DCJTB an ideal candidate for use as a red dopant material for OLED display applications.
Organic light-emitting diodes ͑OLEDs͒ 1 are being widely used in flat-panel displays because of their superior brightness, contrast, viewing angle, response time, and production cost. The performance of red OLEDs, however, remains a weak point in the development of organic full-color displays because of their poor color purity and low efficiency. The search for better red emitters has established a target specification for a saturated color having CIE coordinates close to ͑0.65, 0.35͒. A doping system [1] [2] [3] [4] [5] is often required in red OLEDs [6] [7] [8] [9] [10] [11] to obtain higher efficiencies and prevent concentration quenching. One of the earliest dopants used in OLEDs to generate an efficient red electroluminescence ͑EL͒ emission was 4-͑dicyanomethylene͒-2-methyl-6-p-͑dimethylamino͒styryl-4H-pyran ͑DCM͒, 6, 7 which fluoresces at a value of max of 596 nm with a 78% photoluminescence ͑PL͒ quantum yield and a full width at halfmaximum ͑fwhm͒ of 100 nm. In the optimized device structure, the CIE coordinates are ͑0.56, 0.44͒. Subsequently, it was discovered that increasing the rigidity of the Et 2 N donor moiety via cyclization to form the julolidine ring, i.e., 4-͑dicyanomethylene͒-2-methyl-6-͑julolidyl-9-enyl͒-4H-pyran ͑DCJ͒, provided a more fluorescent dye with better color purity. This behavior arises, presumably, by virtue of the cyclic structure aligning the orbitals of the nitrogen atom to overlap with the orbitals of the phenyl ring for more effective conjugation and also from constraint of the molecular structure in space, which reduces the degree of energy loss through molecular vibration and/or rotation. The disadvantage of employing DCJ in devices is that it aggregates readily because of its planar structure. Further modification of the julolidyl ring in DCJ, by introducing strategically positioned methyl groups as steric spacers to minimize dye-dye interactions, led to the preparation of 4-͑dicyanomethylene͒-2-methyl-6-͑1,1,7,7-tetramethyljulolidyl-9-enyl͒-4H-pyran ͑DCJT͒ and 4-͑dicyanomethylene͒-2-tert-butyl-6-͑1,1,7,7-tetramethyljulolidyl-9 -enyl͒-4H-pyran ͑DCJTB͒. The high luminance efficiency, better color purity, and resistance to concentration quenching make DCJTB an ideal candidate for use as a red dopant material for OLED display applications.
Unfortunately, DCJTB possesses an unacceptable fwhm ͑ca. 73 nm͒ and its optimized device structure displays far-from-ideal CIE coordinates of ͑0.63, 0.37͒. The broad fwhm may be due to the stilbene group adjacent to the julolidyl ring lacking structural constraint in terms of molecular vibration and/or rotation. In this paper, we report a cyanocoumarin-containing red emitter, 9-cyano-10-͑2-benzothiazolyl͒-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-benzo ͓l͔ pyrano͓6,7,8-ij͔quinolizin-11-one ͑RC545T͒, and its use in the fabrication of red-light OLEDs. This material takes advantage of the high efficiency of 10-͑2-benzothiazolyl͒-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-benzo ͓l͔ pyrano ͓6,7,8-ij͔quinolizin-11-one ͑C545T͒, which is one of the best green dopants used in many of today's OLED applications. RC545T displays not only a fwhm of 48 nm, much narrower than that of the DCM derivatives, but also a high fluorescence quantum yield, presumably because of the structural constraint provided by the cyclic julolidyl-coumarin group. These characteristics make the red material RC545T a good candidate for use in high-color-purity, highluminescence red OLEDs.
In this study, we used tris͑8-hydroxyquinoline͒aluminum ͑Alq 3 ͒ as a host material because of its high stability and good carrier transport properties. Alq 3 emits green light, which is weakly associated with the absorption spectrum of RC545T. As a result, energy transfer from the Alq 3 host to the red emitter, RC545T, is not complete. Thus, we used rubrene as an assistant dopant [12] [13] [14] [15] [16] [17] to aid the energy transfer from Alq 3 to RC545T and, thus improve the optical and electrical properties of the red OLEDs. With this system, we obtained red OLEDs exhibiting a maximum luminance as high as 8000 cd/m 2 , with excellent CIE coordinates of ͑0.64, 0.35͒. Herein, we describe the electrical and optical properties of these codoped devices and the mechanism of energy transfer.
Experimental
A detailed synthetic procedure for the preparation of RC545T will be reported elsewhere. 18 Figure 1a presents the molecular structure of RC545T in addition to that of the reference red emitter, DCJTB.
The devices were fabricated on glass substrates consisting of 130 nm indium-tin oxide ͑ITO͒ having a sheet resistance of ca. 13 ⍀/ᮀ. The substrates were cleaned through ultrasonication in isopropyl alcohol and DI water, followed by treatment with oxygen plasma. All of the organic layers and the LiF/Al layers were evaporated onto the substrates at 10 −6 Torr without breaking the vacuum. The evaporation speed and thickness of the organic and metal layers were monitored using quartz oscillators. The device structure was ITO/N,NЈ-bis͑1-naphthyl͒-N,NЈ-diphenyl-1,1Ј-biphenyl-4,4Ј-diamine ͑NPB͒ ͑65 nm͒/Alq 3 :x wt % rubrene:2 wt % DCJTB ͑30 nm͒/Alq 3 ͑30 nm͒/LiF ͑0.8 nm͒/Al ͑250 nm͒, where x was 2, 4, 6, 10, 15, or 20. NPB and Alq 3 were used as hole and electron transporting layers, respectively. The emission layer was fabricated through coevaporation of RC545T and rubrene with Alq 3 ; the concentrations ͑wt %͒ of the dopant materials were estimated from the ratio of the evaporation rates. ITO and LiF/Al were employed as the anode and cathode, respectively. The thickness was measured using a Dektak 150 surface profiler. PL and absorption spectra were measured using a Perkin-Elmer FL LS55 fluorescence spectrophotometer and a Perkin-Elmer Lambda35 UV-visible spectrometer, respectively. Energy levels were determined using a Riken KeiKi AC-2 photoelectron spectrometer. EL spectra and CIE coordinates of the devices were measured using a PR650 spectrometer. Luminancecurrent density-voltage characteristics were recorded simultaneously with the EL spectra by combining the spectrometer with a Keithley 2400 programmable voltage-current source after the devices were sealed in a nitrogen-filled glove box. All measurements were recorded at room temperature under ambient conditions. The active area of the device was 3 mm 2 .
Results and Discussion
Photophysical properties.-In this study, we used RC545T as a red dopant material for three reasons: ͑i͒ the fluorescence emission spectrum of RC545T exhibits a redshift comparable to that of DCJTB, ͑ii͒ the fwhm of the signal in the PL spectrum of RC545T ͑48 nm͒ is much narrower than that of DCJTB ͑73 nm͒, presumably because of the structural constraint resulting from the cyclic nature of the julolidyl-coumarin group, ͑iii͒ using DCJTB as a standard and assuming its fluorescence quantum yield in tetrahydrofuran ͑THF͒ solution is unity, we determined the relative fluorescence quantum yield of RC545T to be 0.9. Table I summarizes the absorption and emission maxima ͑and their fwhm's͒ in the PL spectra of solutions of RC545T and DCJTB in THF ͑5 ϫ 10 −6 M͒, the fluorescence emission maxima, the fwhm's of the signals in the PL spectra, and the relative fluorescence quantum yields of RC545T and DCJTB. From these characteristics, we suspected that the use of RC545T would allow us to achieve red OLEDs exhibiting good color purity and high luminescence efficiency.
Another critical issue to address when fabricating OLEDs is the effect of energy transfer from the host material to the dopant material. For highly efficient energy transfer to occur, the PL spectrum of the host material and the absorption spectrum of the dopant material should exhibit a high degree of overlap. Figure 2 reveals that the overlap between the PL spectrum of Alq 3 and the absorption spectrum of RC545T is poor. Thus, to fabricate highly efficient red OLEDs, we employed rubrene as an assistant material to aid the energy transfer from the host material, Alq 3 to the dopant material, RC545T. One process that can be used to maintain exciton generation at the dopant in OLEDs is energy transfer from a donor molecule in its excited state to the ground state of a neighboring acceptor molecule. The acceptor may then emit light. The rate of energy transfer depends strongly on the distance between the donor and the acceptor. One method of determining the effect of Förster energy transfer is through calculating the Förster radius ͑R 0 ͒, defined as the distance between the donor and acceptor at which the probability of relaxation of the donor via energy transfer equals that through other processes. A large Förster radius indicates efficient energy transfer. The Förster radius is given by
where the value of depends on the relative orientation of the host and dopant materials' dipoles ͑ 2 = 2/3 for randomly oriented dipoles͒; n is the refractive index of the medium; N is Avogadro's number; D is the fluorescence quantum yield of the host material; F D ͑͒ is the normalized emission spectrum of the host material;
A ͑͒ is the molar extinction coefficient of the dopant material; and is the energy expressed in wavenumbers.
From Eq. 1, it is clear that overlap between the emission spectrum of the donor and the absorption spectrum of the acceptor is the most important factor affecting energy transfer; i.e., good overlap of these spectra will result in efficient energy transfer. Figure 2 displays the optical absorption spectra of rubrene and RC545T and the PL spectra of Alq 3 and rubrene. Good overlap exists between the PL spectrum of Alq 3 and the absorption spectrum of rubrene, and between the PL spectrum of rubrene and the absorption spectrum of RC545T. Table II displays the values calculated, using Eq. 1, for the Förster radii and Förster energy transfer efficiencies between Alq 3 and rubrene, rubrene and RC545T, and Alq 3 and RC545T. The Förster radii between Alq 3 and rubrene ͑45.4 Å͒ and between rubrene and RC545T ͑44.1 Å͒ are superior to that between Alq 3 and RC545T ͑37.4 Å͒ because of better spectral overlap. This finding indicates that energy transfer might occur more efficiently from Alq 3 via rubrene to RC545T than from Alq 3 to RC545T directly. Figure 1b displays the device structure employed in this study, fabricated in the configuration ITO/NPB ͑65 nm͒/Alq 3 :x wt % rubrene:2 wt % DCJTB ͑30 nm͒/Alq 3 ͑30 nm͒/LiF ͑0.8 nm͒/Al ͑250 nm͒, where x was 2, 4, 6, 10, 15, or 20. We adopted Alq 3 as the host material because of its excellent carrier transporting and film-forming properties. RC545T was used as the red dopant material and rubrene as the assistant dopant material.
EL properties.-
In a previous study, 20 we observed that when only one dopant, RC545T, was doped in Alq 3 at a concentration of 1 wt %, a large green emission peak of Alq 3 appeared in addition to the red peak of RC545T, suggesting incomplete energy transfer. When the concentration of RC545T was greater than 2 wt %, the intensity of the Alq 3 peak decreased, but so did the luminance efficiency because of concentration quenching. Thus, in this study, we maintained the concentration of RC545T at 2 wt % and added rubrene as an assistant dopant at concentrations ranging from 0 ͑i.e., no assistant doping͒ to 20 wt %.
We used a photoelectron spectrometer to determine the highest occupied molecular orbital ͑HOMO͒ energy levels of the various components and calculated the lowest unoccupied molecular orbital ͑LUMO͒ energy levels by subtracting the optical bandgaps from the HOMO energy levels. For RC5454T, the HOMO energy level was −5.16 eV; its optical bandgap, obtained from the absorption spectrum, was 1.96 eV; thus, we calculated the LUMO energy level to be −3.2 eV. Figure 3 displays the HOMO and LUMO energy levels of RC545T along with those of the other components of the OLED devices, namely ITO, NPB, Alq 3 , rubrene, and LiF/Al. The data for ITO, NPB, Alq 3 , and LiF were obtained in our previous studies; [21] [22] [23] those for rubrene and RC545T were obtained in this study. The HOMO and LUMO energy levels of DCJTB and rubrene are sandwiched between those of rubrene and Alq 3 , respectively; there is a large overlap between the PL spectrum of Alq 3 and the absorption spectrum of rubrene, and between the PL spectrum of rubrene and the absorption spectrum of RC545T. Therefore, energy is readily transferred from Alq 3 to rubrene, and from rubrene to RC545T. Figure 4 displays the current density-voltage ͑I-V͒ characteristics of the RC545T/rubrene codoped devices. The current density at a given applied voltage decreased upon increasing the rubrene content from 0 to 2 wt %. This behavior occurred because the rubrene dopant acted as a trapping site that slowed the rate of carrier transport in the lower-dopant-concentration devices. The HOMO of rubrene ͑−5.36 eV͒ is 0.24 eV above that of Alq 3 ͑−5.6 eV͒, which can induce a hole trap and then catch holes. Similarly, rubrene also induces an electron trap having a depth of 0.35 eV and then traps electrons. The presence of trapped electrons and holes will reduce the current density of the doped device. At high concentrations of rubrene ͑ജ4 wt %͒, the current density increased upon increasing the dopant concentration at a given applied voltage. This phenomenon occurred because the charge carrier could hop directly onto a rubrene molecule when it was present at higher concentrations, thus improving the charge transport as a result of rubrene's good carrier transporting properties. 24, 25 The energy barrier between the LUMO energy level of the electron transporting layer, Alq 3 ͑−2.8 eV͒, and that of rubrene ͑−3.15 eV͒ is −0.35 eV ͑i.e., no effective barrier exists for the transport of electrons from Alq 3 to rubrene͒. Because the HOMO energy levels of the hole transporting layer, NPB, and rubrene are −5.4 and −5.36 eV, respectively, an energy barrier of −0.04 eV should be overcome to transport holes from NPB to rubrene. Therefore, this path serves as an additional means of carrier transport between dopant molecules and thus reduces the drive voltage. Figure 5a indicates that the EL intensity increased upon increasing the concentration of rubrene in the codoped devices; Fig. 5b reveals a corresponding reduction in the residual Alq 3 emission intensity in the normalized EL spectra. When the concentration of rubrene was low, a shoulder peak due to Alq 3 appeared in the EL spectra in addition to the signal from RC545T, presumably because of incomplete energy transfer. When the concentration of rubrene was sufficiently high, the shoulder peak disappeared. This behavior reveals that energy transfer from Alq 3 to RC545T occurred completely via rubrene, resulting in the emission color changing from orange to red. Figure 6 displays the luminance-voltage ͑B-V͒ characteristics of the RC545T/rubrene codoped devices incorporating rubrene at various concentrations. The maximum luminance ͑8000 cd/m 2 , at 12.5 V͒ was obtained at a rubrene concentration of 15 wt %. Although the luminance increased continuously upon increasing the concentration of rubrene, the color purity decreased for rubrene concentrations greater than 20 wt %. Figure 7 displays the CIE coordinates recorded at 20 mA/cm 2 for the red OLEDs incorporating various concentrations of rubrene. The color purity increased upon increasing the rubrene concentration to 15 wt %, at which point the OLED exhibited a red color having CIE coordinates of ͑0.64, 0.35͒, approaching saturation. When the concentration of rubrene reached 20 wt %, however, the OLED exhibited a yellower color, with CIE coordinates of ͑0.63, 0.36͒, because of a small degree of contamination arising from the emission of rubrene itself.
An exciton can be created at a dopant in two ways: direct electron-hole recombination on a fluorescent dopant [26] [27] [28] or energy transfer from a host molecule to the dopant. 29 These two mechanisms are responsible for the observed enhancement in EL of doped devices. In our codoped ͑Alq 3 :rubrene:RC545T͒ system, the emission from RC545T could theoretically have occurred in one of the following ways: ͑i͒ electron-hole recombination on Alq 3 followed by energy transfer from Alq 3 via rubrene to RC545T or directly from Alq 3 to RC545T, ͑ii͒ direct electron-hole recombination on rubrene followed by energy transfer from rubrene to RC545T, or ͑iii͒ direct electron-hole recombination on RC545T.
At low concentrations of the assistant dopant rubrene, incomplete energy transfer occurred from the host Alq 3 to rubrene and from rubrene to the dopant RC545T because the average distances between these species were too large. Furthermore, under such conditions, rubrene molecules acted as charge carrier trapping sites, affecting the carrier transport properties and thus resulting in poorer electrical properties. Because energy transfer directly from Alq 3 to RC545T dominated the emission process at low concentrations of the assistant dopant, and because there was poor overlap between the signals in the PL spectrum of Alq 3 and the absorption spectrum of RC545T, the signal for the emission from Alq 3 appeared, causing poor color purity.
At higher concentrations of rubrene, electron-hole recombination occurred more readily on rubrene molecules and, thus, energy transfer from rubrene to RC545T dominated the emission process. The small signal arising from the emission of Alq 3 disappeared and the electrical properties improved as a result of rubrene's good carrier transporting properties. These phenomena gave rise to the higher luminance efficiency and improved color purity. Figure 8 displays the current efficiency-voltage characteristics of the RC545T/rubrene codoped devices incorporating rubrene at a concentration of 15 wt %. The current efficiency decreased only slightly over a wide range of potentials ͑4-12.5 V͒, with good CIE coordinates of ͑0.64, 0.35͒, thereby revealing the stability of the RC545T/rubrene codoped devices.
Conclusions
RC545T is a red-emitting dopant material for OLEDs; it exhibits a narrow fwhm. A codoped OLED system having the configuration ITO/NPB ͑65 nm͒/Alq 3 :15 wt % rubrene:2 wt % RC545T ͑30 nm͒/Alq 3 ͑30 nm͒/LiF ͑0.5 nm͒/Al ͑250 nm͒ exhibited a maximum luminance of 8000 cd/m 2 at 12.5 V, with near-saturated CIE coordinates of ͑0.64, 0.35͒, revealing that RC545T is an excellent red-emitting dopant for OLED applications. 
